This paper provides a review and survey of research on power transfer for biomedical applications based on inductive coupling. There is interest in wireless power transfer (WPT) for implantable and wearable biomedical devices, for example, heart pacemaker or implantable electrocardiogram (ECG) recorders. This paper concentrates on the applications based on near-field power transfer methods, summarizes the main design features in the recent literature, and provides some information about the system model and coil optimization.
Introduction
Implantable medical devices such as cochlear implants, cardiac defibrillators, electrocardiogram (ECG) implanted recorders, and pacemakers play an important role in monitoring treatment of various diseases. These devices interact with physiological processes including sensing, drug delivery, and stimulation, to monitor or influence their progression. However, minimizing the size of implanted devices makes them less invasive to human body and decreases the surgical complexity in order to install them easily inside the body. While recent progress in microfabrication has dramatically minimized the size of electronic and mechanical components, electrochemical energy storage has been much slower to miniaturize. In most existing devices, the battery constitutes the bulk of the implant [1] . In addition, surgical procedures for replacing the batteries and the risk of leakage are the major disadvantages of using them [2] . Wireless power transfer (WPT) is used to transmit power to help avoid these problems.
In WPT, an external power source will transmit energy to the implanted power receivers. Although many techniques, such as optical and ultrasound methods, have been launched to transfer power wirelessly, wireless powering through radio-frequency (RF) electromagnetic waves is the most established one. Section 2 of this paper gives a general overview of the WPT methods based on induction methods. Section 3 presents the concept of inductive coupling and illustrates the circuit models for biomedical WPT applications. Section 4 provides the comparison list of the research works that are summarized in a tabular format in the Appendix. Power efficiency (η) and optimization methods that are achieved in researcher publications are summarized too. Section 5 provides the conclusions.
A General Review on Wireless Power Transfer
Nikola Tesla was the leader of WPT. In 1891, he successfully performed an experiment to energize a lamp using a pair of coils. Later, he successfully performed similar experiments on two hundred lamps and transmitted power to them over a 25-mile distance [3] .
WPT can be categorized into two methods: near-field and far-field transmission. Table 1 shows a comparison between these two methods. In general, near-field power transfer methods have higher η in comparison to the far-field ones. Most of the WPT applications are using the nearfield method. In order to consider any region to be near-field, two conditions should be considered: first, the distance between the transmitter and receiver coil (r) should be less than one wavelength (λ) at the operating frequency (r < λ), and secondly, the largest dimension of the transmitter coil should be less than λ/2. For implantable biomedical device applications based on far-field transfer, a good review may be found in [4] . The far-field methods are based on delivering power to a device using antennas. In this paper, the focus is on the applications of near-field power transfer methods.
Most biomedical near-field WPT methods use operating frequencies within the range of 100 kHz to 50 MHz. Comparing the wavelength at this range with the typical transmission, which is between 1 cm and 11 cm, the corresponding λ of the electromagnetic field is relatively long. Therefore, the transfer can be viewed as a near-field progress [5] . There are three major ways to accomplish a near-field WPT: (1) capacitive coupling based on electric fields, (2) inductive coupling based on magnetic fields, and (3) magnetic resonant inductive coupling.
WPT by inductive coupling and resonant coupling is the main alternative to power implantable devices [6] . The survey provided in this paper is mainly focused on the studies that considered an inductive method to deliver power wirelessly to biomedical devices.
The first reported use of inductive power transfer (IPT) was in the 1960s [7] . This paper introduced IPT to transfer power to an artificial heart. Since then, many implantable devices have used similar methods for power transfer. In the 1970s, IPT was used in other biomedical applications [2, [8] [9] [10] [11] [12] [13] [14] [15] [16] .
In the late 1970s, IPT was used to transfer high levels of power. Some projects were launched in the 1980s, but they were unsuccessful due to the rating of semiconductor devices used in the power supply that limited the use of high frequencies and η [17] . In the mid-1990s, IPT was successfully commercialized in many applications [18] . Nowadays, the WPT based on IPT is still developing in many areas. This paper concentrates on biomedical applications.
Inductive Coupling Concept and Wireless Power Transfer Models for Biomedical Devices
An IPT system consists of two coils referred to as the "primary" and "secondary" coils. Figure 1 shows the system model. Power transfer occurs when a primary source generates magnetic and electric fields, H and E , respectively, that induce voltage V at the secondary receiver
where ω is the operating angular frequency and μ is the permeability of transfer medium. According to (1) , coupling between coils mainly depends on the amount of magnetic flux linkage between the primary and secondary coils. Decreasing the distance between the primary transmitter and secondary receiver while increasing the length of the coils helps to increase the amount of magnetic flux. If the primary and secondary coils are not well aligned, efficiency (η) will drop down causing more power loss. A power transfer system block diagram for biomedical systems is shown in Figure 2 . This system has three components; the first component is the power transmitter. The power transmitter is located outside the body. It may also be worn or placed in a distant location, for example, in a room under the floor, chair, or bed. The power transmitter circuit consists of DC source, a DC-AC converter (which enables transfer of power at the proposed operating frequency), a tuning circuit, a power antenna which allows the data connectivity to send data to the receiver and also as a feedback to receive information sending by the implanted device, and a primary power coil (which allows the power transfer). The second component is the power receiver which is implanted inside the body below the tissue or even patched on human skin. The receiver receives the wireless power and provides a stable energy to the load or use the energy to charge a battery. The receiver circuit consists of a secondary The third component is the middle power resonator. This component is used as a third part to resonate at the operating frequency and to help deliver power to farther distance places. It could also be worn or located at the receiver circuit under the human body. This component is not mandatory for all WPT system design.
The main goal to be achieved by any WPT design is to transfer power with high efficiency and power stability. There are five main challenges facing that. The first challenge is the transmitter's and receiver's size; as the receiver will be located inside the human body, its size will be limited. This small size will affect the quality factor and will decrease the coupling coefficient and η accordingly. The second challenge is the operating frequency; as the operating frequency increases, η will increase, but that will increase the energy loss in human tissue, which is causing increased heat that can be a safety issue. The third challenge is the ratio between the transfer distance and the antennas size. As the distance increases, η decreases. The fourth factor is the lateral and angular misalignments between the transmitter and the receiver antennas, which cause degradation of the coupling factor and as a result, η will decrease too. The fifth challenge is the required power level by the receiver. For low power level application, the main issue is how to transfer power with high η, since efficiency decreases as the power level decreases. On the other hand, the challenges for high power applications are to avoid the thermal issue at the transmitter coil side and how to keep the electromagnetic energy absorbed by the body tissues as low as possible.
Prior Art
Tables 2-4 present the collection of papers on this topic. These papers are focused on the research topics of wireless power transfer for biomedical applications. The papers are sorted in a descending order based on the year they were published. If two papers have the same year of publication, they are sorted based on operating frequency used in the methodology. The design criteria of these papers are as follows.
Size Optimization Method for Transmitter and Receiver.
Optimization methods to determine the transmitter and receiver coil dimensions are used to increase the coupling coefficient and to determine the optimal frequency to improve η. Probably, one of the major challenges with biomedical wireless power transfer is the restrictions on the size of devices. The devices are implanted in layers of body tissue. The maximum size may lay between a few to tens of millimeters. The receiver is usually in a small packaging. As an example, capsule endoscopy is taken orally. The size of this capsule is between 11 mm to 27 mm in general applications [5] . The optimum antenna shape and dimensions for both the transmitter and receiver should be predicted based on optimum operating frequency and the gap range that is needed to power it.
Basic optimization for transmitter coil could be performed in two ways which most of the collected paper started with. The first one considers that the transfer distance is known (x is fixed and constant). This method is suitable for medical applications where the device is implanted in a certain place under the skin and within tissue layers. Based on that, the optimum transmitter coil radius (a) is calculated using (2) . This equation is derived by calculating the maximum generated H field by the transmitter coil at certain distance [5] .
The second optimization method is presented for those applications having portable or nonfixed receivers, with predicted range such as capsule endoscopy. Transmitter coil radius is optimized by calculating the integration of H (Ψ) within the transfer range (x) [5] , based on the following:
where I is the coil current in ampere and N is the number of coil turns. One example of the capsule endoscope is modeled on Matlab® to determine the optimum coil radius for a range of distance between the centers of transmitter coil and the capsule endoscope (x1 -x2) that varies within 0-10 cm, in Figure 3 shows the results. For example, the optimized transmitter radius for the transfer range from 2 cm to10 cm is 7 cm. The sixth columns of Tables 2-4 indicate the optimization method that each paper performed. The methods presented in [19, 20] use custom-made methods for geometry optimization. Methods presented in [21, 22] are based on the optimization method described in [19] . This optimization method is used when the operating frequency of the design is known. This method applies five steps for optimizing the dimensions of the transmitter and receiver antenna. The first step is to apply the design constraints for the receiver. The second step is to set the initial values for coil dimensions based on manufacturing limitation and optimum transmitter coil dimension described at the beginning of this section. The third step is to optimize the size and fill factor for the transmitter coil. The fourth step is to set the line width and fill factor for the receiver coil side. The fifth step is to return back and reset the size and line width of the transmitter side. After that, iterations are going until the value of the required tolerance of the η value is achieved.
The work in [23] follows Harrison's method to optimize the coil size [24] . Harrison's method is used for designing planar spiral pancake-shape coils. He concluded that the maximum η could be achieved by considering d inT = 0 18 d outT and d inR = 0 75d outR , where d inT is the inner transmitter diameter, d outT is the outer transmitter diameter, d inR is the inner receiver diameter, and d outR is the outer receiver diameter. The paper results are based on derived equations and an experimental study, which was conducted using multiple coils and their dimensions at maximum achieved η.
Reported research in [25, 26] did not include any optimization process to calculate the geometries of coils.
Circuit Model and Efficiency
Calculation. The simplified schematic model circuit of the resonant coupling inductive link is shown in Figure 4 . L 1 , R 1 , and C p1 are the self-inductance, resistance, and capacitance of the transmitter coil, respectively. L 2 , R 2 , and C p2 are the self-inductance, resistance, and capacitance of the receiver coil, respectively. R L is the load resistance. C S1 and C S2 are the added capacitance on the transmitter and receiver part, respectively. The highest voltage gain and efficiency (η) could be achieved when both inductors (L 1 and L 2 ) and total equivalent capacitors (C 1 and C 2 ) from the transmitter and receiver are tuned at the operating frequency according to the following:
where C 1 ≈ C S1 and C 2 ≈ C S2 + C p2 ; the delivered power to primary LC tank is divided between the transmitter coil resistance R 1 , and the secondary load R L . The primary resistance converts the power to heat, and the power is transferred into the secondary coil through their mutual inductance (M). M is related to the coupling coefficient k according to the following:
The quality factors for the transmitter (Q 1 ), receiver (Q 2 ), and load (Q L ) circuit are calculated as follows:
The total AC-AC efficiency (η) is calculated according to the following:
Consequently, maximum achievable efficiency (η max ) is given by
Details of derivation of (7) and (8) can be found in [27] . The efficiency of DC-DC depends mostly on the efficiency of converters and is calculated as the product of η and the converter efficiency. Figure 5 shows the efficiency versus the output or delivered power that the receiver collects from the transmitter for the papers listed in Tables 2, 3 , and 4. It should be noted that the efficiency increases at high delivered power. However, various efficiencies may have been achieved for the same delivered power depending on the system design. Figure 6 presents the graph of efficiency versus frequency. It is clear that the frequency for most of the biomedical devices in the papers reviewed in this survey is below 50 MHz.
4.4. Future Directions. Nowadays, the focus is on miniaturizing implantable devices to reduce surgical complexity and infection risk. Electromagnetic energy transfer enables transcutaneous communication and powering with fully implantable wireless biomedical devices [28] . The main goal of WPT is to provide sufficient power to the implanted device while minimizing tissue heating due to the absorbed energy. This 8 International Journal of Antennas and Propagation has led to an extensive research toward maximizing efficiency, through optimizing operating frequency, coils geometries, impedance matching, and power delivery. The last columns of Tables 2-4 summarize the models that were considered as a medium surrounding the implanted device. Future directions for research also include addressing the effects of expected variations in the tissue medium and monitoring absorption in tissue to inform adjustments to transmit power, frequency, and impedance matching.
Conclusion
This paper presents a short survey of WPT based on IPT concept for biomedical applications. The delivered power to biomedical devices reported in the collected papers ranges from few mW to 48 W, with maximum efficiency of up to 95% for 20 mm range.
